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CROSS-REFERENCE TO RELATED APPLICATIONS 

fU- Embodiments of the present invention claim priority from a U.S. Provisional 

Application entitled "Method for Formulating and Immobilizing a Protein Matrix and a Protein 
Matrix for Use in a Sensor," Serial No. 60/335,663, filed October 23, 2001, the contents of 
which are incorporated by reference herein. 

BACKGROUND 

1. Field of the Invention 

The present invention relates, generally, to methods and systems for formulating 
and immobilizing a protein matrix and/or enzyme and, in particular embodiments, to 
immobilizing proteins or enzymes that are physically and chemically stable over time, for 
example, for use in short-term or long-term sensors and biosensors. 
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2. Description of Related Art 

The combination of biosensors and microelectronics has resulted in the 
availability of portable diagnostic medical equipment and has improved the quality of life for 
countless people. Many people suffering from disease or disability who, in the past, were forced 
to make routine visits to a hospital or a doctor's office for diagnostic testing currently perform 
diagnostic testing on themselves, in the comfort of their own homes, using equipment with 
accuracy to rival laboratory equipment. 

Nonetheless, challenges in the biosensing field have remained. For example, 
although many diabetics currently utilize diagnostic medical equipment in the comfort of their 
own homes, the vast majority of such devices still require diabetics to draw their own blood and 
to inject their own insulin. Drawing blood typically requires pricking a finger. For someone 
who is diagnosed with diabetes at an early age, the number of self-induced finger-pricks and 
insulin injections over the course of a lifetime could reach into the tens of thousands. Drawing 
blood and injecting insulin thousands of times can be overtly invasive and inconvenient, as well 
as painful and emotionally debilitating. 

Diagnostic requirements of those with disease or disability may be addressed by 
using a sensing apparatus that may be implanted into the body and that may remain in the body 
for an extended period of time. For example, an implantable sensing and infusion system is 
disclosed in pending U.S. Patent Application No. 60/318,060, incorporated herein by reference. 
An example of the type of implantable sensing system described in that application is illustrated 
in Figure 1 herein. The sensing system illustrated in Figure 1 comprises an implantable infusion 
pump 12 with a catheter 20 for dispensing an infusion formulation and a lead 14 connecting the 
infusion pump to a sensing device 16. The sensing device 16 may be inserted into a vein, an 
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artery, or any other part of a human body where it could sense a desired parameter of the implant 
environment. A window may be provided in the sensing device 16 to facilitate sensing. An 
active sensing matrix 18, such as an enzyme, may be placed inside of the sensing device 16. The 
matrix 18 may be any of a variety of enzymes, proteins, or the like, that may be employed for 
sensing. For example, if physiological parameter sensing is desired, one or more proteins may 
be used as the enzyme. More specifically, if the device is a glucose-sensing device, for example, 
a combination of glucose oxidase (GOx) and human serum albumin (HSA) may be used 
u concurrently in a solid matrix form to form a sensor matrix protein. 

R Previous processes for formulating an enzyme for use in a sensor involved placing 

UJ the enzyme into a cavity within a sensing device while the enzyme was still in a liquid or gel-like 

pJ form. In such processes, the gel-like enzyme would be placed into the sensing device cavity, 

W 

7 ;: where it would harden in place, within the cavity. A hardening or cross-linking reagent would be 

n* added to the enzyme to cause solidification of the enzyme once it was inside the sensing device. 

fc. a 

p One of the difficulties associated with conventional processes is that of producing 

protein matrices that are sufficiently chemically stable over time. For example, in the case of 
glucose biosensors, it has been found that GOx undergoes oxidative inactivation by peroxide and 
oxygen over time. Since the lifetime of glucose sensors primarily depends on the lifetime of the 
GOx, the sensitivity of the sensors is lost over time as the enzyme decays. Glucose oxidase goes 
through a cycle of oxidation and reduction upon interaction with glucose. Glucose oxidase is 
most vulnerable to deactivation in its reduced state. Hydrogen peroxide, hydroperoxy radicals, 
and the like, can deactivate GOx, particularly in its reduced state. The glucose oxidase reaction 
sequence is more thoroughly described and illustrated in Figure 5. 
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An additional problem with conventional processes for formulating protein 
matrices for use in sensing devices is that the sensor matrix protein may not be sufficiently stable 
mechanically over time. In the case of glucose biosensors, for example, there has been a 
problem of the GOx not possessing the desired mechanical stability, i.e., that the GOx maintain 
its shape. Enzymes produced by conventional processes can be susceptible to swelling or 
shrinking. For example, a conventional process of injecting a GOx solution or gel into a cavity 
of a sensor body and then hardening the GOx in place can result in shrinkage and disfigurement 
Li of the GOx enzyme during hardening. As a result, each sensor produced according to such 
p processes may have a different shaped GOx enzyme and, thus, may behave somewhat different 
W than other sensors made according to the same process. In addition, enzymes can be susceptible 

n i to leaching. Sensor accuracy and sensitivity can be adversely affected when the enzyme utilized 

W 

f a in the sensor is susceptible to leaching or swelling. Indeed, swelling of the enzyme over time 

res. can cause the sensor body to deform. Deformation of the body of the sensor may alter the 

± i! 

• 

O response or the calibration of the sensor. Moreover, a swelling or leaching of the enzyme may 
cause the shape of the window in the sensing device to change which also could alter the 
response of the sensing device. 

Further problems have been associated with the process of injecting an enzyme 
into a sensing device while the enzyme is in a gel form. When an enzyme is injected into a 
cavity of a sensing device, it is difficult to ensure that the enzyme has filled the volume in the 
sensing device completely. If there are voids left in the cavity after the enzyme has been 
injected, those voids can adversely affect the stability and sensitivity of the sensing device. 
Moreover, since the enzyme may tend to shrink as it hardens or solidifies, further voids or spaces 
may be left in the enzyme cavity of the sensor. 
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SUMMARY OF THE DISCLOSURE 

Therefore, it is an advantage of embodiments of the present invention to provide a 
process for combining protein formulation and immobilization techniques which result in a 
physically and chemically stable protein matrix. 

It is a further advantage of the embodiments of the present invention to provide a 
method for formulating and immobilizing a protein matrix that is molded into a desired shape 
and size before it is inserted into a sensing device. Embodiments of the present invention 
comprise a protein matrix and processes for making protein matrices having improved 
mechanical stability as a result of hardening and cross-linking procedures carried out before the 
enzyme is placed inside of a sensing device. 

It is a further advantage of the embodiments of the present invention to provide a 
method for formulating and immobilizing a protein matrix in which retained activity, mechanical 
stability, and operational stability may be customized to a diagnostic or continuous sensing 
application by changing the enzyme or protein and by changing the cross-linking process 
parameters. 

It is a further advantage of embodiments of the present invention to provide 
methods for formulating and immobilizing protein matrices that have sufficiently low swelling 
and leaching properties as well as sufficiently high activity and mechanical strength properties. 
Embodiments of the formulation and immobilization methods may be applied to prepare a 
protein matrix for use in short-term or long-term sensors and biosensors. Moreover, 
embodiments of the method could be utilized to mold proteins for uses other than sensing 



5 



1.4 



'U.S. Express Mail Label No. EL926457645US 

Attorney Docket No. 047711-0288 
devices, such as, for example, the molding of biological tissue replacement, arteries, heart 
valves, or the like. 

It is a further advantage of embodiments of the present invention to provide a 
method for formulating and immobilizing a protein matrix to be used in an implantable sensing 
device that can operate in a sufficiently consistent and invariant manner, without appreciably 
c losing its sensitivity over an extended period of time. 

It is a further advantage of embodiments of the present invention to provide a 
La protein pellet that has a sufficiently high concentration of GOx. By increasing the GOx 
□ concentration, embodiments of the present invention may counteract the effects of enzyme decay 
W and extend the life of a sensing device. According to such embodiments, a protein pellet is 
I ~; hardened and molded into the desired shape and size before being inserted into a sensing device, 
L for example, to ensure proper fit and to reduce the likelihood of swelling or leaching. Figure 7 
m shows two graphs illustrating the results of a swelling analysis. The first graph shows the 
Q swelling of a glucose oxidase-human serum albumin matrix formulated with insufficient 

immobilization. The second graph shows the swelling properties of the matrix formulated with 
improved immobilization according to embodiments of the present invention. 

In one embodiment of the present invention, a method comprises combining a 
protein mixture (such as, but not limited to, GOx and human serum albumin (HS A)) with a 
cross-linking reagent (such as, but not limited to, glutar aldehyde). In this embodiment, the 
mixture is injected into a mold where it is hardened. Once hardened, the immobilized enzyme, 
protein, or other such matrix, may be further cross-linked with glutaraldehyde or another cross- 
linking reagent, to give a mechanically stable protein. The type of cross-linker and the extent of 
immobilization may vary depending on the enzyme, protein, or the like. The hardened protein 

6 

015.507099.4 



'U.S. Express Mail Label No. EL926457645US 

Attorney Docket No. 04771 1-0288 

mixture can be cut, machined, or otherwise formed to the desired shape and size. In one 
embodiment, the mold is configured to shape the mixture into semi-cylindrical rope-like 
structures that are subsequently cut into pellets. It has been found that sensing devices utilizing a 
protein pellet produced by this method can exhibit improved longevity. 

In another embodiment of the present invention, a method for formulating and 
immobilizing the protein matrix further comprises adding silicone particles to the protein matrix. 
The addition of silicone particles is believed to discourage the depletion of oxygen in the sensing 
device. Oxygen depletion causes GOx to be in its reduced state. Reduced GOx is more 
vulnerable to deactivation. Accordingly, the addition of the silicone may further contribute to 
the chemical stability of the sensor matrix protein over time. 

These and other objects, features, and advantages of embodiments of the 
invention will be apparent to those skilled in the art from the following detailed description of 
embodiments of the invention, when read with the drawings and appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A brief description of preferred embodiments of the invention will be made with 
reference to the accompanying drawings wherein: 

Figure la shows a fragmented cutaway view of an exemplary environment of use 
of an implantable sensing device (not shown to scale) in which a sensor matrix protein (not 
shown to scale) according to an embodiment of the present invention may be utilized. 

Figure lb shows a two-dimensional view of an implantable infusion and sensing 

device. 

Figure lc shows a cutaway expanded view of a sensor region of a sensing device. 
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Figure Id shows another fragmented cutaway view of an exemplary environment 
of use of an implantable sensing device. 

Figure 2a shows flowchart diagram of a method for formulating and immobilizing 
a sensor matrix protein according to one embodiment of the invention. 

Figure 2b shows a flowchart diagram of a method for formulating and 
immobilizing a sensor matrix protein according to one embodiment of the invention. 

Figure 3 shows a perspective view of an example of a mold utilized in one 
embodiment of the invention. 

Figures 4a through 4d show two-dimensional views of examples of molds utilized 
in other embodiments of the invention. 

Figure 5 shows a flow diagram of a glucose oxidase reaction sequence. 

Figure 6 shows a perspective view of another example of a mold that may be 
utilized in an embodiment of the invention. 

Figure 7 shows two graphs depicting the results of a swelling analysis done on a 
glucose oxidase-human serum albumin matrix, first showing the swelling with insufficient 
immobilization of the matrix, and second showing the swelling with the improved 
immobilization process according to embodiments of the invention. 

Figure 8a shows a graph that illustrates a glucose calibration curve for a sensor 
without an additive. 

Figure 8b shows a graph that illustrates a glucose calibration curve for a sensor 
incorporating a silicone additive according to an embodiment of the invention. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The following detailed description is of the best presently contemplated mode of 
carrying out the invention. This description is not to be taken in a limiting sense, but is made 
merely for the purpose of illustrating the general principles of the invention. The scope of the 
invention is best defined by the appended claims. 

f k . The present invention relates, generally, to protein matrices and/or enzymes and 

processes for formulating and immobilizing protein matrices and/or enzymes. As discussed 
S above, such a protein matrix may facilitate, for example, the creation of long-lived and stable 
ill sensors. In an example embodiment, the protein matrix is an immobilized glucose oxidase 
H (GOx) and human serum albumin (HS A) matrix for use in glucose biosensors. However, further 
W embodiments of the invention involve molding other proteins for a variety of purposes. 
JT* Processes according to the various embodiments of the invention may be employed to produce 
d- physically and chemically stable protein matrices. 

l1„ Figure 1 illustrates an example of a system 10 in which a sensor matrix protein 

produced pursuant to an embodiment of the invention may be utilized. Other embodiments may 
employ other suitable system configurations. However, by way of example, the system 10 in 
Figure 1 includes an implantable infusion pump 12 which may be implanted in a patient's body, 
such as in a patient's abdomen. The pump 12 dispenses an infusion formulation (e.g., an insulin 
formulation) via a catheter 20. A lead 14 connects the pump 12 to a sensing device 16 for 
regulating the delivery of the infusion formulation dependent upon a sensed parameter of the 
implant environment. In the sensor system in Figure 1, a protein pellet 18 is employed as a 
protein matrix within the sensing device 16. The sensing device 16 may be any suitable sensor 
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that operates with an active protein or enzyme, including, but not limited to, the sensors 
described in U.S. Patent Application No. 60/3 18,060, which is incorporated herein by reference. 

Figure lb shows a two-dimensional view of the system 10 that is illustrated in 
Figure la. Figure lc shows an expanded cutaway view of the sensor region of the infusion and 
sensing system illustrated in Figures in la and lb. 

Figure 2a illustrates in a flow diagram, a process according to an embodiment of 
the present invention for producing a protein matrix. According to the process, a protein mixture 
^ is first obtained or formulated. The protein mixture may be one that is free of polymeric 
p additives and one that is concentrated using ultrafiltration or other chromatographic techniques. 
Ul A protein matrix may then be formed by adding a cross-linking agent to the protein mixture and 
fM then placing the polymerizing mixture into a mold. The formed matrix is then placed in a non- 
liquid atmosphere containing a cross-linking agent in order to maintain compositional integrity 
*ni and to achieve the desired ultimate mechanical properties. Retained activity, mechanical 
p stability, and operational stability can be customized according to a diagnostic or continuous 
sensing application by changing the protein and cross-linking process parameters. A more 
detailed description of a specific embodiment of the invention is described below in connection 
with Figure 2b. 

Figure 2b illustrates in a flow diagram, a process according to an embodiment of 
the present invention for producing a protein pellet 18. The embodiment illustrated in Figure 2b 
is a process for formulating and immobilizing a sensor matrix protein. In preferred 
embodiments, the method may be employed to yield protein pellets that are mechanically and 
chemically stable over time and that can be inserted, in their hardened state, into sensing devices. 
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In the embodiment illustrated in Figure 2b, initially, a protein mixture or 
suspension is obtained or formulated, as shown at 22. In the example embodiment, the protein 
mixture that is obtained or formulated is one that is free of polymeric additives and concentrated 
using ultrafiltration or other chromatographic techniques. In an example embodiment, the 
protein mixture comprises a GOx and HSA mixture. The GOx concentration may vary for 
different embodiments of the invention. For example, the GOx concentration may be within the 
range of approximately 350 mg/ml (67,000 U/ml) to approximately 700 mg/ml (150,000 U/ml). 
y. In such embodiments, the HSA concentration may vary between about 23-32.5% (w/v), 
B depending on the GOx concentration. Or, collagen or other structural proteins could be used 

UJ instead of or in addition to HSA. 

SJ 

|U For embodiments employing enzymes other than GOx, concentrations other than 

those discussed herein may be utilized. For example, depending on the enzyme employed, 
m concentrations ranging from approximately 10% weight per weight to 70% weight per weight 
rj: may be suitable. The concentration may be varied not only depending on the particular enzyme 
being employed, but also depending on the desired properties of the resulting protein matrix. For 
example, a certain concentration may be utilized if the protein matrix is to be used in a diagnostic 
capacity while a different concentration may be utilized if certain structural properties are 
desired. Those skilled in the art will understand that the concentration utilized may be varied 
through experimentation to determine which concentration (and of which enzyme or protein) 
may yield the desired result. 

Although GOx is employed in the embodiment described herein, other proteins 
and/or enzymes may also be used or may be used in place of GOx, including, but not limited to, 
hexose oxidase, lactate oxidase, and the like. Other proteins and/or enzymes may also be used, 
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as will be evident to those skilled in the art. Moreover, although HS A is employed in the 
example embodiment, other structural protein, such as collagen or the like, could be used instead 
of or in addition to HS A. 

Next, a cross-linking reagent is added to the protein mixture as shown at 24. In 
one embodiment, an amine cross-linking reagent, such as, but not limited to, glutaraldehyde, is 
added to the protein mixture. The addition of a cross-linking reagent to the protein mixture 
creates a protein paste. The concentration of the cross-linking reagent to be added may vary 
according to the concentration of the protein mixture. In an example embodiment, the GOx 
CI concentration may be about 67,000 U/ml and the HSA concentration may be about 25% (w/v), 
W while the final glutaraldehyde concentration in the enzyme matrix may be approximately 1 .25%. 
^ Although glutaraldehyde is utilized in the embodiment described above, other 

cross-linking reagents may also be used or may be used in place of glutaraldehyde, including, but 
111 not limited to, an amine reactive, homofiinctional, cross-linking reagent such as Disuccinimidyl 
SJ Suberate (DSS). Another example is l-Ethyl-3 (3-Dimethylaminopropyl) Carbodiimide (EDC), 
^ which is a zero-length cross-linker. EDC forms an amide bond between carboxylic acid and 
amine groups. Other suitable cross-linkers also may be used, as will be evident to those skilled 
in the art. 

Once a cross-linking reagent is added to the protein mixture, the combined 
mixture can be injected into or otherwise applied to a mold. This may be done, for example, by 
drawing the combined mixture into a syringe and injecting the mixture into a mold. In some 
embodiments, the combined mixture may be highly reactive, and thus, may harden quickly. 
Therefor, the combined mixture should be injected into, or otherwise applied to, the mold 
quickly before the mixture hardens. 
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The shape or form of the mold may be dependent on the desired size and shape of 
the resulting protein pellet. For example, the mold could be configured to produce a protein 
pellet that is precisely the desired shape and size. However, the mold may also be configured to 
yield a protein matrix that still needs to be cut, machined, or otherwise formed to the desired 
shape and size. 

Figure 3 shows a perspective view of one example of a mold that can be utilized 
in accordance with an embodiment of the invention. The mold may be formed to have a 
f;- chemically inert surface. One way to insure that the mold has a chemically inert surface is to use 
Q materials such as, but not limited to, teflon, delrin, and the like. The mold in the illustrated 

embodiment is comprised of two opposing blocks 30 and 36. In the illustrated orientation, the 
yt bottom block 30 has intersecting channels 32 on its top surface 34. The intersecting channels 32 
u are each formed by semicylindrical recesses in the top surface 34 of the bottom block 30. A top 
nj- block 36 has a flat bottom surface. In the illustrated embodiment, the top surface 34 of the 
Q bottom block 30 and the bottom surface of the top block 36 are pressed or screwed together. The 
protein mixture may be injected into the mold through an opening or hole 38 that passes all the 
way through the top block 36. 

Other embodiments may employ molds of varying configurations. Variations that 
may be employed in other embodiments are illustrated in Figures 4a-4d. As is illustrated in 
Figures 4a-4d, the recesses (or channels) in the mold may be configured differently. For 
example, the recesses could be parallel lines, a spiral, or multiple groups of intersecting lines. 
Also, although the embodiment described herein employs recesses (or channels) that are 
semicylindrical, other suitable shapes or channel cross-section configurations could be 
employed. The cross-section configuration may be varied according to the desired application. 

13 

015.507099.4 



T U.S. Express Mail Label No. EL926457645US 

Attorney Docket No. 04771 1-0288 
For example, the channel cross-sections could be rectangular, cylindrical, tubular, spherical, or 
any other desired or suitable configuration. Other suitable application specific mold 
configurations will be apparent to those skilled in the art. 

Once the combined mixture has been placed in the mold, the mixture is incubated 
in the mold. In one example embodiment, the mixture is incubated at room temperature for 
approximately two hours. Following the incubation period, the mixture may be cross-linked, but 
it may not yet be fully hardened. In other embodiments, the incubation may be carried out for 
other suitable time periods and/or may be carried out at an elevated temperature. The primary 

n- form may be imparted to the protein matrix during this initial molding operation. In other words, 

yj the mold may define the ultimate shape of the protein matrix. 

Rj Following incubation, the protein matrix then may be placed in an atmosphere 

: containing a cross-linking agent in order to maintain the compositional integrity and achieve 
ultimate mechanical properties. In the example embodiment, after incubation, the mixture is 
pi exposed to a vaporized cross-linking reagent. However, in other embodiments, other non-liquid- 
based environments may be utilized. The non-liquid cross-linking process further hardens and 
solidifies the mixture. Those skilled in the art will understand that suitable non-liquid 
environments that range from very high pressure to very low pressure may be suitable. The 
environment's temperature could also be varied according to experimentation. 

In the example embodiment, the non-liquid cross-linking process may be done by 
opening the mold and exposing the mixture to a vapor phase in a reactor for a suitable time 
period to further harden and solidify the mixture. In an example embodiment in which the mold 
is configured as illustrated in figure 3, the two blocks of the mold may be separated after which 
the mixture may still reside in the recesses 32 of the block 30. The block 30, with the mixture 

14 

015.507099.4 



U.S. Express Mail Label No. EL926457645US 

Attorney Docket No. 04771 1-0288 

still in the recesses 32, may then be placed into a chamber in a vapor phase reactor. In one 
example embodiment, the mixture, while still in the recesses 32 of the opened mold, is exposed 
to vapor phase for approximately 16 hours. In other embodiments, other suitable exposure time 
periods may be employed. The vapor phase cross-linking reagent may comprise, for example, 
approximately 12.5% (w/w) glutaraldehyde in a water vapor. In other embodiments, other 
suitable vapor phase cross-linking reagents may be employed. The inclusion of a water vapor in 
the vapor phase may be desirable in contexts in which the protein mixture should remain 
hydrated. For example, enzymes may cease to be active if the reactor is dry. 
O In an example embodiment, after the mixture has been exposed to the vaporized 

fi cross-linking reagent for a suitable period of time, the mixture may be removed from the mold 

m and introduced to or placed in a cross-linking solution to farther cross-link the hardened mixture. 

Li. 

7 The mixture may, at this point in the process, resemble the configuration of the recesses in 

TU whatever type of mold was employed in the process. For example, if a mold as shown in figure 

3 was employed, then at this point in the process, the hardened mixture will resemble semi- 
^ cylindrical rope-like structures. In the example embodiment in figure 2, after further cross- 
linking the GOx-HSA matrix with vapor glutaraldehyde, the hardened ropes may be exposed to a 
2.5% buffered glutaraldehyde solution. The glutaraldehyde in the solution may react with 
remaining or residual amine groups to further cross-link the GOx-HSA matrix. Other 
embodiments might employ glutaraldehyde solutions with suitable concentrations varying, as 
required, according to the proteins or enzymes utilized. Further embodiments might use cross- 
linking solutions with cross-linking reagents other than glutaraldehyde, such as, but not limited 
to, EDC and DCC, and the like. In an example embodiment, the hardened mixture is submerged 
in the cross-linking solution for approximately one hour. In other embodiments, other suitable 

15 

015.507099.4 



T U. S. Express Mail Label No. EL926457645US 

Attorney Docket No. 04771 1 -0288 
time periods may be employed. Moreover, those skilled in the art will understand that this part 
of the process could be omitted in other embodiments. 

In an example embodiment, after the hardened mixture has been introduced to or 
placed in the cross-linking solution, then the hardened mixture is washed. In an embodiment 
where the hardened mixture was not placed in a cross-linking solution at all, then the hardened 
mixture may be washed after the vapor phase. The hardened mixture may be washed in a variety 
of washing solutions, including but not limited to, phosphate buffered saline (PBS), sterile de- 
ionized water, or any other suitable washing solution. Moreover, the hardened mixture may be 
O washed a single time or it may be washed more than one time. In an example embodiment, the 
fi hardened mixture is washed five times with sterile deionized water, phosphate buffered saline, 
nl and/or glycine buffer. The purpose of washing the hardened mixture is to remove any residual 
7 glutaraldehyde. In other embodiments, methods other than washing could be employed to 
fy remove residual glutaraldehyde, or to remove residual amounts of a different cross-linking 
jl reagent that might have been employed, without deviating from the spirit or scope of the 
^ invention. In other embodiments, the washing process or the removal of residual amount of 
cross-linking reagents by other means, could be omitted entirely. 

In the example embodiment, after the hardened mixture has been washed, it may 
then be cut, machined, or otherwise formed into pieces that are the desired shape and size. The 
hardened mixture may be easily cut at this point in the process. As discussed above, in an 
example embodiment, the desired form for the sensor matrix protein is a semi-cylindrical pellet 
structure. The example mold illustrated in figure 3 yields rope-like structures that may be cut 
into pellet-sized pieces. The primary structure or form for the protein matrix is imparted during 
the initial molding operation. Accordingly, the cutting or machining process could take place, 
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for example, before the vapor phase, or at any other point in the process after the mixture has 
been incubated in the mold. 

In other embodiments, a mold may be employed which forms the mixture to the 
desired shape and size (i.e., a semi-cylindrical pellet structure). Of course, if an embodiment 
employs a mold that forms the mixture to the desired shape and size, then the mixture would not 
need to be cut, machined, or otherwise formed as a part of the process. In that case, cutting, 
machining, or otherwise forming the mixture may be omitted from the process. Moreover, in the 
example embodiment, the resulting pellet is sized to be a line-to-line fit for a sensor in which it 
h may be placed. In another embodiment, the mixture may be molded such that it is slightly 
hi oversized to insure a snug fit within a device into which it might be placed, such as, but not 
m limited to, a sensing device. 

s It is an advantage of an embodiment of the invention that the concentration of 

LH GOx is maximized so as to extend the life of a sensor. In other embodiments of the invention, 
2i the GOx concentration is increased to further extend the life of a sensor. 

For example, in another embodiment, the same procedure described above and 
illustrated in Figure 2 may be utilized. However, the concentrations of GOx, HS A, and 
glutaraldehyde may be varied. For example, an embodiment might employ a GOx concentration 
of approximately 100,000 U/ml with a HSA concentration of approximately 32.5% (w/v). In 
such an embodiment, the GOx-HSA mixture may be immobilized with approximately 100 |il of 
a 12.5% (w/w) glutaraldehyde solution. Such an embodiment may yield a protein pellet that 
remains physically and chemically stable for approximately one year. 

In another embodiment, the same procedure described above and illustrated in 
Figure 2 may be utilized employing a GOx concentration of approximately 135,000 U/ml with 
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an HSA concentration of approximately 23% (w/v). In such an embodiment, the GOx-HSA 
mixture may be immobilized with approximately 100 ul of a 25% (w/w) glutaraldehyde solution 
per 1 ml GOx-HSA mixture. This embodiment may yield a protein pellet that can remain 
physically and chemically stable for more than one year. 

In another embodiment, the same procedure described above and illustrated in 

m 

Figure 2 may be utilized employing a GOx concentration of approximately 150,000 U/ml with 
an HSA concentration of approximately 32.5% (w/v). In such an embodiment, the GOx-HSA 
mixture may be immobilized with approximately 100 ul of a 12.5 % (w/w) glutaraldehyde 

3 — 

g solution per 1 ml GOx-HSA mixture. 

^ Those skilled in the art will of course understand that the concentrations of GOx, 

nl HSA, and glutaraldehyde incorporated in these embodiments could be varied without diverting 

yj 

s from the scope or spirit of the invention. 

Lit 

flj Another embodiment of the invention involves further enhancing the operational 

Jf' activity of the protein matrix by utilizing additives in the protein mixture. For example, one 
embodiment involves adding another substance, such as a volume of silicone particles, to the 
protein mixture to possibly enhance operational stability. The addition of the silicone particles to 
a protein mixture may result in the sensing device maintaining its sensitivity for a longer time. It 
is believed that the silicone particles prevents oxygen depletion significant enough to increase 
the rate of product specific enzyme deactivation. The example embodiment illustrated in Figure 
2 and described above remains the same in this embodiment, with the only difference being the 
addition of another substance, such as silicone particles, to the protein mixture. In the 
embodiment utilizing silicone particles, the silicone particles added may be approximately 1% 
(w/v) to 5% (w/v) by volume so as to not change the response of a sensor in which the resultant 
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protein pellet could ultimately be utilized. However, in other embodiments, either more or less 
silicone could be added to the protein mixture. In this embodiment, the total volume of the 
silicone particles added is preferably less than 20% of the volume of the SMP pellet. Those 
skilled in the art will understand that the volume of silicone added and the precise size of the 
silicone particles can be varied through experimentation without straying from the scope or spirit 
of the invention. 

Figures 8a and 8b show glucose calibration curves for sensors employing protein 
matrices with no additive (8a) and with a silicone additive (8b). The tightness of the calibration 
5 bands indicates the stability of the sensor. When a sensor loses its activity, then the calibration 
ffj curve may tend to drift, as illustrated in Figure 8a. The drift is not as pronounced in Figure 8b 
nj when the protein matrix includes a silicone additive. 

= " The embodiments described above can be utilized to prepare any protein matrix. 

nJ It has been found a protein matrix formulated by the above embodiments may be particularly 

Til 

~s! well suited for use in both short term and long term biosensors. The immobilization process can 
H produce a protein matrix that is physically and chemically stable over time. The final protein 
matrix can be formed with the advantageous qualities of being low swelling, non-leaching, and 
having high activity and high mechanical strength properties. These properties are essential to 
the creation of long lived and stable sensors. 

Although the embodiments described above were described, by way of example, 
with reference to formulating and immobilizing glucose oxidase, other embodiments may 
formulate proteins and/or enzymes other than glucose oxidase. For example, in other 
embodiments, proteins and/or enzymes such as hexose oxidase, lactose oxidase, and the like, 
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could also be formulated and immobilized. Those skilled in the art will appreciate and 
understand that the process is applicable to a wide variety of protein and/or enzymes. 

In addition, while the embodiments described above are described, by way of 
example, in terms of forming or molding a protein pellet that may be used in a sensing device, 
those skilled in the art will appreciate and understand that embodiments of the process could be 
utilized to form or mold biological tissue replacements, arteries, heart valves, and the like. This 
may be done, for example, by immobilizing blood plasma proteins in a mold shaped as an artery, 

U heart valve, and the like. The immobilization process should yield an artificial artery, heart 

Q valve, and the like, that is mechanically and chemically stable. 

!i _ -4 

W The embodiments disclosed herein are to be considered in all respects as 

[H illustrative and not restrictive of the invention. The scope of the invention is indicated by the 

l, appended claims, rather than the foregoing description. All changes that come within the 

rlt meaning and range of equivalency of the claims are therefore intended to be embraced therein. 
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